PURPOSE. Genome-wide association studies suggest a role for the complement system in agerelated macular degeneration (AMD). We characterized ocular complement activation and evaluated a complement factor D (FD) neutralizing antibody.
A ge-related macular degeneration (AMD) is the leading cause of central vision loss in the aging population. Increasing evidence implicates the involvement of the immune system, specifically abnormalities in the alternative complement pathway (AP), in the pathogenesis of AMD. [1] [2] [3] [4] [5] [6] [7] Genetic linkage and genome-wide association studies have identified AMD susceptibility alleles in multiple complement genes (CFH, CFI, C2/CFB, C3, C9, CFHR1/3). [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Complement proteins are frequently detected in drusen, the deposits in the macular area that are a common early sign of AMD. 11, [21] [22] [23] Moderate elevation of complement components and activation products has been reported in plasma and eye samples from AMD patients. [24] [25] [26] [27] [28] [29] [30] [31] Multiple animal models of AMD have been utilized, such as laser-induced choroidal neovascularization, light damage-induced retinal degeneration, and cigarette smoke exposure, to assess the role of complement in the eye. [32] [33] [34] [35] [36] [37] [38] Several complement inhibitors are currently being tested in the clinic for the treatment of AMD. [39] [40] [41] [42] However, the precise mechanism of how complement activation influences AMD disease pathology and progression and even the basic understanding of complement function in the eye are still under investigation.
The AP is a part of the host defense system of innate immunity. It opsonizes and destroys invading pathogens and also responds to endogenous danger signals such as injured or apoptotic cells. Because increased complement activation is associated with AMD pathology, [24] [25] [26] [27] [28] [29] [30] [31] identification of factors that activate complement in the eye could have implications for the pathogenic mechanisms of AMD. We characterized the changes in complement levels from eye tissues under various AMD-like pathophysiological conditions in mice. We also evaluated the ability of an intravitreally injected anti-FD antibody to block ocular complement activation in rabbits.
MATERIALS AND METHODS

Animals and Induction of Acute Ocular Inflammation
All animal experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Novartis Institutes for Biomedical Research Animal Care and Use Committee. Female C57BL/6 mice were purchased from Taconic Biosciences (Rensselaer, NY, USA), Charles River Laboratories (Wilmington, MA, USA), and Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6N mice from either Taconic Biosciences or Charles River Laboratories were used in all the mouse studies, except for one aging study with C57BL/ 6J mice from Jackson Laboratory. C57BL/6N mice from both Taconic Biosciences and Charles River Laboratories are B6N. The rd8 mutation in the Crb1 gene is present in C57BL/6N mice from both vendors as reported. 43 Animals were housed in a pathogen-free facility on a 12-hour light and dark cycle and were fed standard laboratory chow and sterile water ad libitum. C3 À/À (Jackson Laboratory) and Cfb À/À (University of Texas-Houston, Houston, TX, USA) mice and their wild-type (WT) littermates in C57BL/6N background strain were generated by heterozygous breeding. 44, 45 Acute ocular inflammation in mice was induced by intraperitoneal (IP) injection of either Salmonella typhimurium lipopolysaccharide (LPS) (Sigma-Aldrich Corp., St. Louis, MO, USA), Pam3CSK4 (InvivoGen, San Diego, CA, USA), or poly I:C (polyinosinicpolycytidylic acid, InvivoGen) at the indicated doses formulated in sterile phosphate-buffered saline (PBS). Control animals received an IP injection of sterile PBS. On average, six to eight mice were used per time point in each treatment group. In IVT injection studies in mice, 1 lL sterile PBS was injected per mouse eye. Corneal epithelial debridement was performed as described previously. 46 Male Dutch Belted rabbits at 8 weeks of age were purchased from Covance (Princeton, NJ, USA). Acute ocular inflammation in rabbits was induced by an intravenous injection of 20 lg/kg LPS. Twenty-four hours prior to LPS challenge, either anti-FD antibody (R&D Systems, Minneapolis, MN, USA) or a control goat IgG antibody (R&D Systems) was intravitreally administered bilaterally at 200 lg in 50 lL per eye. On average, five to seven rabbits were used per treatment group.
Tissue Collection and Preparation of Eye RNA and Protein Lysates
For mice, at indicated times post stimuli injection, plasma was collected. Eyes with lens removed were collected and frozen quickly on dry ice. While quickly collecting eye tissues, care was taken to avoid as much ocular muscle as possible. For rabbits, plasma was collected via ear vein 18 hours after LPS injection. Eye tissues were collected step by step on ice-cold petri dishes. First, aqueous humor was collected from enucleated intact eyes by careful drawing into a 3-mL syringe with a 25-gauge needle. Then the cornea was dissected away and iris/ciliary body (CB) were collected. The lens was removed next and vitreous humor was collected using a 1-mL pipette tip. After all the vitreous was carefully removed, the eye cup consisting of retina and retinal pigment epithelium (RPE) and choroid was collected with a number 21 scalpel. Each tissue was immediately placed on dry ice right after collection. All disposable tools were used once; other tools were cleaned between each tissue dissection to avoid cross-contamination. Total RNA was isolated from homogenized eye tissues using RNeasy micro columns (Qiagen, Venlo, Netherlands). Cell lysis buffer from Cell Signaling Technology (Danvers, MA, USA) was used to prepare eye protein lysates. Mouse eye tissues were dissociated in 200 lL lysis buffer. Rabbit iris/CB and retina/ RPE/choroid were dissociated in 250 and 500 lL, respectively. Eye tissues were lysed using a TissueLyser II (Qiagen). The Bradford protein assay (ThermoFisher, Waltham, MA, USA) was used to determine protein concentrations of respective samples. 
Statistical Data Analysis
Data are presented as mean 6 SEM. Mean differences were compared and statistical differences were determined by 2-tailed unpaired t-test. Differences were considered statistically significant when P < 0.05. For FD antibody studies in rabbits, data were analyzed by subtracting the baseline values of the Ba levels (control IgG and PBS-treated group) from all values for each LPS-treated group. Using the baseline-subtracted values, the percent inhibition was calculated as % inhibition ¼ (1 À [value of Ba with anti-FD Ab and LPS/average value of Ba in control IgG and LPS group]) 3 100.
RESULTS
Systemic Administration of LPS Induces Transient Complement Synthesis and Activation in Mouse Eyes
Toll-like receptor (TLR) activation has been proposed to contribute to AMD pathology. 5, 47 LPS, the major cell wall component of Gram negative bacteria, is a potent activator of TLR4. Endotoxin/LPS-induced uveitis (EIU) has been used as an acute model to evaluate anti-inflammatory reagents, such as anti-TNFa. 48, 49 To assess the effect of acute systemic TLR4 activation on complement activation in the eye, LPS was administered via IP injection in C57BL/6N mice. Plasma and eye tissues were collected at various time points from 3 hours to 14 days after a single LPS treatment. Levels of ocular C3 and Cfb mRNA measured by TaqMan peaked 16 hours post LPS, and increased 20-to 50-fold, compared to the level of PBStreated controls (Figs. 1A, 1B). Systemic LPS therefore induces local complement synthesis in eye tissues.
Western blots were used to evaluate the effect of LPS on AP proteins in mouse plasma and eye tissues. Representative Western blot images are presented in Figures 1C and 1D . Fulllength C3 (~120 kDa) and FB (~90 kDa) protein levels were increased in eye tissues, peaking at 24 to 48 hours post LPS challenge at levels 2-to 3-fold higher than in PBS-treated control animals (Figs. 1A, 1B). The 10-to 20-fold difference between induced mRNA and protein levels is likely due to LPSinduced complement activation that results in breakdown of full-length C3 and FB proteins. Similar induction of full-length C3 and FB proteins was observed in plasma (data not shown).
The alternative pathway of the complement system is activated by a cascade of proteolytic steps. The FD protease cleaves FB into Bb and Ba. Bb serves as the catalytic subunit of C3 convertase (C3bBb) and splits C3 alpha into C3a and C3b. A majority of C3b is rapidly cleaved into iC3b, which is further degraded into C3d. A small portion of C3b binds to C3bBb to form the C5 convertase, which breaks down C5 into C5a and C5b. We evaluated these breakdown products to determine optimal readouts for complement activation in vivo. In naïve or PBS-treated control mice, Ba, C3d, and iC3b were barely detectable in eye tissues while a low level of each was present in plasma due to the continuous tick-over process of C3 cleavage by C3(H 2 O)FB. [50] [51] [52] Systemic injection of LPS induced a time-dependent increase of Ba, C3d, and iC3b levels in both plasma and eye tissues (Figs. 1E, 1F) . Since the C3b level is usually very low, the sum of iC3b and C3d levels was used to represent total C3 breakdown products. Levels of C3 and FB breakdown products increased gradually, starting at 3 hours post LPS challenge, reaching the highest levels at 24 to 48 hours, and thereafter gradually declining. Maximum induction of Ba or C3dþiC3b by LPS was approximately 4-to 6-fold when compared to PBS-treated controls. In plasma, the level of iC3b was approximately 5-fold lower than the C3d level (Fig. 1G) . However, in eye tissues, C3d and iC3b levels were comparable, indicating that iC3b may be more stable in the eye than in circulation. C3a and C5a levels, measured by MSD assays, also increased in plasma in a time-dependent manner, but were largely undetectable in eye tissue (Figs. 1H, 1I ). C3a and C5a are known to be short-lived in vivo. 53 Therefore, C3 and FB breakdown products Ba, C3d, and iC3b were suitable to monitor both ocular and systemic complement activation from tissue and plasma samples.
LPS induces C3 mRNA synthesis (Fig. 1A ) and C3 protein breakdown (Fig. 1E) . C3 is the convergence point of all three complement pathways (classical, alternative, and lectin). Increased Cfb mRNA levels (Fig. 1B) and increased complement breakdown product Ba (Fig. 1E) indicate that LPSinduced complement activation involves the alternative pathway and the amplification loop in the common pathway downstream of C3 activation. The role of the complement system in LPS-induced complement activation was further investigated by the use of C3-deficient and FB-deficient mice. Both strains are in C57BL/6N background. Ba levels are undetectable in C3 À/À mouse eyes and plasma even following LPS challenge (Figs. 2A, 2B ), indicating that C3 is essential for initiation of FB breakdown. C3b or C3H 2 O in C3FB complex was considered to be essential for FD to recognize FB and to cleave FB in in vitro studies. 54, 55 Using FB breakdown product Ba to monitor FB activation in C3-deficient mice, our data provided in vivo evidence that C3 is required for FB activation. Cfb À/À mice exhibited a significant (P < 0.01) but not complete reduction in C3 breakdown products C3d and iC3b in eyes and plasma comparing between LPS-challenged Cfb À/À and WT animals (Figs. 2C, 2D) , indicating that the alternative pathway contributes to LPS-induced ocular complement activation.
TLR2 and TLR3 Ligands Also Induce Complement Activation in the Eye
LPS, the major ligand for TLR4, not only induces complement activation but also induces complement synthesis through the TLR4 signaling pathway. To address whether other TLR signaling pathways could also activate complement in the eye, Pam3CSK4 (a synthetic triacylated lipopeptide) and poly I:C (polyinosinic-polycytidylic acid) were evaluated. Pam3CSK4 binds TLR2 and poly I:C signals through TLR3 and other intracellular RNA binding factors. Time-course studies in 7-week-old C57BL/6N mice challenged with IP injection of either Pam3CSK4 or poly I:C exhibited similar patterns of complement synthesis and activation, peaking in both eye and plasma at 8 to 24 hours (Figs. 3A, 3B ), although at lower levels of induction compared to LPS challenge. Cfb À/À mice exhibited a significant reduction (P < 0.01) in plasma and ocular Ba levels 24 hours after LPS IP injection (2.5 mg/kg). This is a representative of four independent studies. (C, D) Comparing to LPS-treated WT controls, Cfb À/À mice exhibited a significant reduction (P < 0.01) in plasma and ocular C3d and iC3b levels 24 hours after LPS IP injection. This is a representative of three independent studies.
proteins from the full-length C3 alpha chain (~120 kDa) to C3 cleavage fragments C3b, iC3b (~68 kDa), and C3d (~41 kDa). The polyclonal FB antibody recognizes mouse and rabbit full-length FB protein (~90 kDa) and FB cleavage fragments Bb (~60 kDa) and Ba (~30 kDa). (E, F) C3 breakdown products C3dþiC3b peaked 24 hours (P < 0.001) in eye tissues and 48 hours (P < 0.001) in plasma post LPS challenge. FB breakdown product Ba peaked 24 hours (P < 0.001) in eye tissues and 16 hours (P < 0.001) in plasma post LPS. C3dþiC3b and Ba are graphed relative to PBS-treated controls. (G) Ratio of iC3b to C3d is higher in eye than in plasma. Fluorescence intensity of iC3b band was divided by that of C3d band in each sample. (H, I) Both complement C3 and C5 breakdown products C3a and C5a peaked 48 hours (P < 0.001) post LPS in plasma. The amounts of C3a and C5a were expressed as the levels at 1 mg total protein of the eye lysate/mL lysis buffer. Protein levels of full-length C3 and FB as well as breakdown products C3d, iC3b, and Ba were measured in Western blots. Mouse C3a and C5a were measured by MSD immunoassays. This study is a representative of three independent studies. mRNA was generated in the eye at earlier time points and at a higher level compared to C3 mRNA (Figs. 3C, 3D, 1B) , suggesting that TLR signaling may preferentially activate the AP in the eye. Taken together, systemic and ocular complement activation can occur via systemic induction of TLR2, -3, or -4 signaling pathways.
Eye Tissue Damage Induces Rapid and Transient Local Complement Activation
Complement is known to be activated by trauma and in ischemia-reperfusion injury, presumably in response to endogenous danger signals. 56 Intravitreal injection (IVT) is a common procedure to deliver anti-VEGF biologics for neovascular AMD. It involves a needle breaking through normal intact eye surface and retina to reach the vitreous cavity. To address whether ocular complement was affected in response to the danger signals generated in the eye by IVT-associated local tissue damage, ocular complement levels were measured at various time points after a single IVT injection of mouse eyes. Complement breakdown products C3d and iC3b were increased, peaking 4 hours post injection (Fig. 4A) . The onset of complement activation triggered by IVT was more rapid than activation induced by systemic TLR ligands and did not appear to involve enhanced local complement synthesis since the amount of full-length C3 protein in the eye remained unchanged.
Corneal epithelial debridement is a model of inflammatory corneal neovascularization. 46 This model is initiated by mechanically removing the corneal epithelium of C57BL/6N mice. Eye samples were collected at various time points post corneal epithelial debridement, and complement levels were assessed. Similar to IVT, complement breakdown products C3d and iC3b were quickly elevated 2 hours post debridement and returned to baseline by 4 hours (Fig. 4B ).
These results demonstrate that eye tissue damage causes rapid and transient local complement activation. Systemic complement levels were not affected by either challenge (data not shown).
Aging Increases Baseline Complement Levels While Decreasing Response to LPS
Aging is the greatest risk factor for AMD and other age-related diseases. We evaluated complement activation during aging in FIGURE 3. TLR2/3 stimulation induces complement synthesis and activation in mouse eyes. TLR2 ligand Pam3CSK4 (1.25 mg/kg) and TLR3 ligand poly I:C (2.5 mg/kg) were administered intraperitoneally to 7-week-old C57BL/6N mice. The doses of Pam3CSK4 and poly I:C were chosen based on both literature and dose-response studies for the optimal inflammatory responses (data not shown). [84] [85] [86] Eyes and plasma were collected 0, 8, 24, and 72 hours post injection. C3 and Cfb mRNAs and C3 breakdown products were graphed relative to the average value of PBS-treated controls. (A) Pam3CSK4 induced Cfb mRNA production in eye tissues, peaking early at 8 hours (P < 0.05), while C3 mRNA peaked at 24 hours (P < 0.05) post challenge. (B) Poly I:C induced Cfb mRNA in eye tissues, peaking early at 8 hours (P < 0.001), while C3 mRNA peaked at 24 hours (P < 0.01) post challenge. This study is a representative of four independent studies. (C) Similar to TLR4 ligand LPS, Pam3CSK4 induced complement protein activation (levels of iC3bþC3d), peaking at 24 hours in eye tissues and (P < 0.05) in plasma. (D) Poly I:C induced complement protein activation (levels of iC3bþC3d), peaking at 24 hours (P < 0.001) in eye tissues and (P < 0.001) in plasma. This study is a representative of four independent studies. naïve C57BL/6N mice at 7, 21, and 48 weeks of age. Baseline levels of complement C3 and FB breakdown products gradually increased by 50% to 100% in eye tissues and 50% in plasma from 7 to 48 weeks old, indicating an increase of ocular and systemic complement activation with age (Figs. 5A , 5B). Aged C57BL/6N mice were reported to have increased accumulation of subretinal microglia/macrophages likely due to the presence of the rd8 mutation in the Crb1 gene. 57 To address if the rd8 mutation plays a role in complement activation, we evaluated complement activation during aging in naïve C57BL/6J mice, which do not carry the rd8 mutation, at 7, 22, and 54 weeks of age. Baseline levels of complement C3 and FB breakdown products gradually increased by 50% in both eye lysates and plasma from 7 to 54 weeks old, confirming an increase of complement activation with age that is independent of the rd8 mutation (Figs. 5C, 5D) . Additionally, the ability to mount a response to LPS was reduced in older C57BL/6N mice. Complement breakdown products in eye tissues following LPS challenge were increased 5-to 8-fold in 7-week-old mice, but only 2-to 3-fold in 48-weekold mice (Fig. 5E ). There was also a moderate reduction in LPS response in the plasma from 7 to 48 weeks old (Fig. 5F ).
Factor D (FD) Neutralizing Antibody Inhibits Local Complement Activation in Rabbits
Human and rabbit FD proteins share 81% amino acid identity. A commercially available anti-human FD antibody from R&D Systems neutralized both human and rabbit FD in human and rabbit serum-based alternative pathway assays with similar potencies (Fig. 6A) . However, possibly due to limited sequence homology between mouse and human FD proteins (66% identity), the anti-human FD antibody failed to inhibit AP complement activation in a similar assay with mouse serum (not shown). LPS-induced complement activation was adapted from mouse to rabbit to enable evaluation of the human FD neutralizing antibody via intravitreal delivery. The larger eye of rabbits is more suitable for preclinical testing of intraocular delivery of biologics with longer half-life. Since FB is the substrate for FD, the soluble FB breakdown product Ba was used as a direct readout for FD inhibition. Eighteen hours after LPS injection, the level of Ba in the posterior segment of the eye (retina/RPE/choroid) was 2-to 3-fold above PBS-treated controls. LPS-induced Ba generation in the posterior segment of the eye was inhibited by intravitreal administration of the anti-human FD antibody at 200 lg per eye 24 hours before LPS challenge. We assume that the concentration of FD in the eye should be lower than in serum (40-80 nM) 58 and rabbit vitreous volume to be around 1.52 cm 3 . 59 Intravitreal injection of 200 lg per eye would predict~0.88 lM anti-FD, which is at least 11-to 22-fold higher than FD levels in the vitreous. LPSinduced alternative pathway activation in vitreous humor as measured by Ba generation was completely blocked (Fig. 6B) 42 hours after IVT of the anti-FD antibody. There was a 60% reduction of Ba levels in the retina/RPE/choroid (Fig. 6C) . Since choroid is a highly vascular tissue, some of the Ba fragments detected in retina/RPE/choroid may have come from the blood. As expected, LPS-induced Ba generation in plasma was not affected by IVT anti-FD (Fig. 6D) . LPS-induced Ba generation in the anterior segment of the eye (aqueous humor or iris/CB) was also unaltered by FD antibody pretreatment (Figs. 6E, 6F ). This result demonstrates for the first time in rabbits that intravitreal administration of a complement inhibitor blocks local complement activation while complement levels in systemic circulation or even the adjacent tissue compartment remain unaffected.
DISCUSSION
Despite the strong genetic association with AMD and increasing evidence that upregulation of complement activation is associated with AMD pathology, [24] [25] [26] [27] [28] [29] [30] [31] little is known about how complement is activated in the eye. This is partly due to the lack of tools to monitor complement activity, particularly in eye tissue. Having established quantitative MSD immunoassays and Western blot assays, we were able to profile ocular and systemic alternative pathway complement activation under potential AMD-like pathophysiological conditions in mice. We demonstrated that multiple endogenous and exogenous danger signals that induce the innate immune system are capable of activating complement in the eye. Among them, aging is a well-known risk factor for AMD. TLR . IVT injection and corneal debridement induce ocular complement activation in 7-week-old C57BL/6N mice. Eye tissues were collected at indicated time points after treatment. C3 full-length protein and C3 breakdown products were graphed relative to the average value of untreated controls. (A) Complement C3 breakdown products increased rapidly after intravitreal injection of 1 lL PBS, peaking 4 hours (P < 0.01) post treatment. This study is a representative of two independent studies. (B) C3 breakdown products also increased rapidly after corneal debridement, peaking 2 hours (P < 0.01) post treatment. This study was performed once.
FIGURE 5. Effect of aging on complement activation. Complement breakdown products Ba, C3d, and iC3b were assessed from naïve and LPS IPinjected C57BL/6N female mice at 7, 21, and 48 weeks of age and from naïve C57BL/6J female mice at 7, 22, and 54 weeks of age. LPS treatment was 24 hours. C3 and FB breakdown products were measured by Western blots and were graphed relative to the average value of 7-week-old samples. (A) Baseline levels of complement activation products in eye tissues of C57BL/6N mice increased with age from 7 to 48 weeks (P < 0.001 for C3dþiC3b and P < 0.001 for Ba). (B) Baseline levels of complement activation products in plasma of C57BL/6N mice also increased with age from 7 to 48 weeks (P < 0.01 for C3dþiC3b and P < 0.01 for Ba). (C) Baseline levels of complement activation products in eye tissues of C57BL/6J mice activation by pathogen products has also been implicated in AMD pathology. 5, 47 Furthermore, the stress response to eye tissue damage by the examples of IVT injection or corneal debridement could easily trigger complement activation. AMD is a complex and multifactorial disease, and complement activation could be a common pathogenic mechanism influenced by multiple AMD risk factors.
Most complement components are produced in the liver and circulate in the bloodstream as one of the main defense mechanisms against pathogens and endogenous danger signals. The role of complement activation in the eye is less well understood. Our results identify at least two types of local ocular complement activation induced by either eye tissue damage or systemic TLR activation. Local acute injury such as an IVT or corneal debridement breaks down the barrier between eye tissue and capillary blood vessels. This may cause a transient influx of complement proteins from blood, which, in combination with the presence of low levels of complement components in the eye, may lead to rapid ocular complement activation. Systemic challenge with TLR ligands may not directly activate ocular complement. Instead, TLR ligands upregulate complement gene expression in the eye, which leads to a slow induction of ocular complement activation, peaking 24 hours post challenge. Although some of the ocular complement activation by systemic TLRs might be due to residual blood from tissue collection, we observed similar levels of LPS-induced complement activation in eye tissue with or without removal of blood by perfusion (not shown). In addition, local complement inhibition would not be able to block complement breakdown products coming from circulation. The IVT FD antibody in this study inhibited complement activation in the eye, but not in the blood. This indicates that the ocular activation products are generated locally. The increased levels of C3 and FB mRNA and protein in the eye after inflammation could be produced by the infiltrating neutrophils and monocytes since leukocytes are good complement producers. 60, 61 They could be also synthesized by resident cells such as microglia, astrocytes, and RPE cells. [62] [63] [64] [65] [66] FIGURE 6. Intravitreal administration of an antibody against complement factor D inhibits LPS-induced Ba generation in rabbits in the posterior segment of the eye, but not systemically or in the anterior segment of the eye. (A) MAC deposition after Zymosan-induced alternative pathway activation in 6% human serum (solid line) or rabbit serum (dotted line) was blocked by a FD-neutralizing polyclonal antibody with IC 50 values of 8.1 and 4.9 nM, respectively. Twenty-four hours before LPS challenge, goat IgG or anti-FD was delivered IVT at 200 lg per eye to both eyes. Eighteen hours after intravenous injection of either PBS or LPS at 20 lg/kg, plasma (D) and eye tissue were collected. Eyes were dissected immediately into vitreous humor (B), retina/RPE/choroid (C), aqueous humor (E), and iris/ciliary (CB) (F). Complement Ba levels in indicated tissues were measured by Western blot and graphed relative to the IgG/PBS control group. LPS-induced Ba generation was inhibited 100% (P < 0.01) in vitreous humor and was reduced by 60% (P < 0.01) of PBS control levels in retina/RPE/choroid. The rabbit LPS study is a representative of two independent studies. increased with age from 7 to 54 weeks (P < 0.05 for C3dþiC3b). (D) Baseline levels of complement activation products in plasma of C57BL/6J mice also increased with age from 7 to 54 weeks (P < 0.001 for C3dþiC3b and P < 0.01 for Ba). The fold induction, which is the ratio of LPS-induced to baseline complement activation products, decreased with age in eye tissues (E) and plasma (F) in C57BL/6N mice. In eye tissues, induction of complement breakdown products by LPS was reduced by 60% (P < 0.001) for Ba and 39% (P < 0.01) for C3dþiC3b from 7 to 48 weeks of age. This is a representative of four independent studies with C57BL/6N mice. The baseline aging study with C57BL/6J mice was performed once.
The eye is considered an immunoprivileged site where complement is under tight control by intraocular complement regulators. 42, 67 However, we found that complement levels in the eye are easily altered in response to various inflammatory perturbations. Frequent exposure to systemic or local inflammatory stimuli, such as TLR ligands derived from pathogen products or damaged tissue components, in combination with 50 to 60 years of aging could lead to a constant low level of complement activation in the eye, ultimately contributing to the development of AMD. This may be particularly relevant for those who are predisposed with high-AMD-risk genetic variants in complement genes. 27 A notable difference we observed between systemic and ocular complement activation in mice is the higher level of iC3b relative to C3d level in eye tissues. The average ratio of ocular iC3b to C3d is 5-fold higher than in plasma. Plasma iC3b is barely detectable, while the ocular iC3b level is always comparable to the ocular C3d level. Increased deposition of iC3b along the glomerular basement membrane in complement factor H-deficient mice is responsible for the detrimental effect on renal function in the murine model of dense deposit renal disease. 68 The interaction between iC3b and its receptor complement receptor 3 (CR3) is likely to play a similar role in the early synapse loss in Alzheimer mouse models. 69 The presence of iC3b in drusen and on RPE cells has been proposed as one of the pathogenic mechanisms of AMD. 70, 71 Deposition of iC3b on the ocular cell surface could be recognized by infiltrating phagocytes or resident microglia that express CR3 or CR4, leading to macrophage activation and phagocytic damage to ocular cells such as RPE and photoreceptors. The presence of macrophages and subretinal microglia cells has been reported in AMD eyes. [72] [73] [74] [75] Currently a number of complement therapies are in clinical trials for AMD. 40, 76 Lampalizumab, an anti-complement FD Fab (IVT), is in phase 3 clinical trials for the treatment of geographic atrophy (GA), an advanced form of AMD. [77] [78] [79] [80] However, Genentech recently announced that lampalizumab failed in one of the two phase 3 GA trials. 81 Blocking complement FD, the first protease in the AP cascade, will prevent the generation of multiple inflammatory components in the alternative pathway and in the amplification loop. The effect of lampalizumab IVT on systemic complement activation was reported, but not its efficacy against complement activation in the eye. 82 We demonstrated that complement activation in the vitreous was completely blocked 2 days after IVT of an IgG anti-human FD antibody in rabbits. However, in the retina/RPE/choroid fraction, which is considered to be the site of action for complement in the pathogenesis of AMD, only 60% inhibition was observed, possibly due to residual systemic complement products in choroidal and retinal vessels without PBS perfusion. Another possibility would be partial inhibition of local complement likely due to incomplete penetration of the antibody into the ocular tissues from vitreous. Thus the contribution of complement from choroidal and retinal vessels may account for only at most 40% of the total complement observed. Since only a modest increase in complement products is observed in AMD patients, [24] [25] [26] [27] [28] [29] [30] [31] it remains to be determined how much complement inhibition in eye and/or blood is required to achieve clinical efficacy in AMD trials. Complement model systems that we have developed, in combination with clinical results from complement trials, will be valuable to further understand the role of complement in AMD pathogenesis to design better complement therapeutics.
